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A p r e l i m i n a r y  f l i g h t  e x p e r i m e n t  w a s  f lown to  g e n e r a t e  a f u l l - s c a l e  s u p e r s o n i c  
d a t a  base to a id  t h e  a s s e s s m e n t  of c o m p u t a t i o n a l  codes, to  improve i n s t r u m e n t a t i o n  
f o r  measur ing  boundary l a y e r  t r a n s i t i o n  a t  s u p e r s o n i c  speeds, and to  p r o v i d e  pre- 
l i m i n a r y  i n f o r m a t i o n  f o r  t h e  d e f i n i t i o n  of fol low-on programs. The e x p e r i m e n t  w a s  
c o n d u c t e d  u s i n g  a n  F-15 a i r c r a f t  t h a t  was modi f ied  w i t h  a small c l e a n u p  test  s e c t i o n  
o n  t h e  r i g h t  wing. R e s u l t s  are p r e s e n t e d  f o r  Mach (MI numbers from 0.9 t o  1.8 a t  
a l t i t u d e s  from 26,000 t o  55,000 f t .  They were combined t o  g i v e  a u n i t  Reynolds  
number rdnge  o f  1.7 to  4.0 m i l l i o n  per f t .  Angle o f  a t t a c k  v a r i e d  from a p p r o x i -  
m a t e l y  - l o  t o  l o o .  
A t  M 2 1 . 2 ,  t r a n s i t i o n  o c c u r r e d  n e a r  or a t  t h e  l e a d i n g  edge  f o r  the c l e a n  con- 
f i g u r a t i o n .  The f u r t h e s t  a f t  t h a t  t r a n s i t i o n  w a s  measured w a s  20 p e r c e n t  c h o r d  a t  
M = 0.9 and M = .0.97. N o  change  i n  t r a n s i t i o n  l o c a t i o n  w a s  o b s e r v e d  a f t e r  t h e  addi- 
t i o n  of a notch-bump on  t h e  l e a d i n g  edge  o f  t h e  i n b o a r d  side of  t h e  test  s e c t i o n  
which w a s  i n t e n d e d  to  minimize a t t a c h m e n t  l i n e  t r a n s i t i o n  problems. 
Some f l o w  v i s u a l i z a t i o n  w a s  a t t e m p t e d  d u r i n g  t h e  f l i g h t  e x p e r i m e n t  w i t h  b o t h  
s u b l i m i n g  c h e m i c a l s  and l i q u i d  c r y s t a l s .  However, d i f f i c u l t i e s  arose from t h e  
l imi t ed  time t h e  test  a i r c r a f t  was able to h o l d  tes t  c o n d i t i o n s  and  t h e  d i f f i c u l t y  
o f  p o s i t i o n i n g  t h e  p h o t o  c h a s e  a i r c r a f t  d u r i n g  s u p e r s o n i c  test p o i n t s .  T h e r e f o r e ,  
no s u p e r s o n i c  t r a n s i t i o n  r e s u l t s  were o b t a i n e d  u s i n g  f l o w  v i s u a l i z a t i o n .  
INTRODUCTION 
R e c e n t l y ,  t h e r e  h a s  been a renewed i n t e r e s t  i n  t h e  f e a s i b i l i t y  of o b t a i n i n g  
s i g n i f i c a n t  amounts of l a m i n a r  f l o w  a t  s u p e r s o n i c  speeds. Al though some s u p e r s o n i c  
boundary  l a y e r  t r a n s i t i o n  work w a s  done on wings i n  t h e  l a t e  1950s  (Banner  and 
o t h e r s ,  1958; McTigue and o t h e r s ,  1959)  and on t h e  Arnold E n g i n e e r i n g  Development 
C e n t e r  1 0 ° - t r a n s i t i o n  cone  ( F i s h e r  and Dougherty,  19821, t h e  most r e c e n t  and e x t e n -  
s i v e  boundary l a y e r  t r a n s i t i o n  work on l i f t i n g  s u r f a c e s  h a s  c o n c e n t r a t e d  on  t h e  
t r a n s o n i c  speed  r e g i o n  (Runyan and o t h e r s ,  1984; Meyer and o t h e r s ,  1987) .  I n  addi- 
tion, the development and increased sophistication of computational codes have led 
t o  a need f o r  a l a r g e  f u l l - s c a l e  e x p e r i m e n t a l  data base to  v a l i d a t e  t h e s e  codes. 
C o n s e q u e n t l y ,  t h e  NASA h e s - D r y d e n  F l i g h t  Research  F a c i l i t y  a t  Edwards,  C a l i f o r -  
n i a  c o n d u c t e d  a p r e l i m i n a r y  f l i g h t  e x p e r i m e n t  d u r i n g  t h e  w i n t e r  and s p r i n g  of 1986 
u s i n g  an F-15 a i r c r a f t .  The o b j e c t i v e s  of t h e  f l i g h t  e x p e r i m e n t  were to  generate a 
f u l l - s c a l e  s u p e r s o n i c  data  base for  a s s e s s i n g  c o m p u t a t i o n a l  tools,  to  improve 
i n s t r u m e n t a t i o n  f o r  measur ing  boundary  l a y e r  t r a n s i t i o n  a t  s u p e r s o n i c  speeds, and  t o  
p r o v i d e  i n f o r m a t i o n  f o r  t h e  d e f i n i t i o n  of  fol low-on programs. 
The f l i g h t  e x p e r i m e n t  examined Mach numbers r a n g i n g  from 0.9 t o  1.8 a n d  a l t i -  
t u d e s  from 26,000 t o  55,000 f t  to  g i v e  a range  of u n i t  Reynolds  numbers from 1.7 t o  
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DESCRIPTION OF TEST AIRCRAFT AND W I N G  MODIFICATION 
. 
The f l i g h t  e x p e r i m e n t  w a s  conducted  u s i n g  an  F-15 twin-engine  f i g h t e r  a i r c r a f t .  
The F-15 a i r p l a n e  w a s  chosen  f o r  t h e  e x p e r i m e n t  p r i m a r i l y  because  of  i t s  Mach 2 
c a p a b i l i t y  and a v a i l a b i l i t y .  I n  a d d i t i o n ,  p r e v i o u s  f l i g h t  e x p e r i m e n t s  on t h e  F-15 
a i r p l a n e  showed t h a t  t h e  wing produced a f a v o r a b l e  pressure g r a d i e n t  (desirable f o r  
o b t a i n i n g  l amina r  f l o w )  t o  a p p r o x i m a t e l y  25 p e r c e n t  chord .  The F-15 a i r c r a f t  h a s  
45' of l e a d i n g  edge  sweep and u s e s  a NACA 6 4 ( A ) 0 4 . 6  a i r f o i l  a t  BL 155. A i r f o i l  
c o o r d i n a t e s  a t  s e v e r a l  b u t t  l i n e s  are  g iven  i n  table  1. These  v a l u e s  do n o t  i n c l u d e  
t h e  t h i c k n e s s  of t h e  wing m o d i f i c a t i o n .  
A foam and f i b e r g l a s s  c l e a n u p  t es t  s e c t i o n  w a s  p l a c e d  on t h e  r i g h t  wing of  t h e  
a i r c r a f t .  F i g u r e  1 shows an  i n - f l i g h t  pho tograph  of  t h e  F-15 a i r p l a n e  w i t h  t h e  foam 
and f i b e r g l a s s  t e s t  s e c t i o n .  T h i s  n e a r  p l an fo rm view shows t h e  r e l a t i v e  locat ion 
and  s i z e  of t h e  test  s e c t i o n .  The i n t e n d e d  pu rpose  of  t h e  foam and f i b e r g l a s s  tes t  
s e c t i o n  w a s  t o  e l i m i n a t e  any  p o s s i b l e  e f f e c t s  of s u r f a c e  roughness  or i m p e r f e c t i o n s .  
I t  r e t a i n e d  t h e  e x i s t i n g  a i r f o i l  shape  b u t  added a p p r o x i m a t e l y  3/16 t o  1/4 i n .  o f  
t h i c k n e s s .  T h i s  t h i c k n e s s  w a s  n e c e s s a r y  f o r  t h e  i n s t a l l a t i o n  of  i n s t r u m e n t a t i o n  
plumbing l i n e s .  The test  s e c t i o n  w a s  a p p r o x i m a t e l y  4 f t  wide ,  t h e  i n b o a r d  edge  a t  
BL 170 and  t h e  o u t b o a r d  edge  a t  BL 218. The a f t  edge o f  t h e  test  s e c t i o n  e x t e n d e d  
t o  a p p r o x i m a t e l y  30 p e r c e n t  chord  on t h e  i n b o a r d  s i d e  and a p p r o x i m a t e l y  35 p e r c e n t  
c h o r d  on t h e  o u t b o a r d  s i d e .  The drawing  i n  f i g u r e  2 shows t h e  e x a c t  l o c a t i o n  o f  t h e  
tes t  s e c t i o n  and t h e  chord  v a l u e s  f o r  t h e  i n b o a r d  and o u t b o a r d  e d g e s  o f  t h e  t e s t  
s e c t i o n .  I t  had t w o  r o w s  of 15 f l u s h  s t a t i c  pressure o r i f i c e s ,  one a t  BL 176, t h e  
o t h e r  a t  RL 212. The e x a c t  c h o r d  l o c a t i o n  of  t h e  or i€ices  i s  g i v e n  i n  table  2. 
The t e s t  s e c t i o n  w a s  c o n s t r u c t e d  u s i n g  one l a y e r  of  u n i d i r e c t i o n a l  f i b e r g l a s s  
unde r  1/8 i n .  p o l y u r e t h a n e  foam cove red  w i t h  f o u r  l a y e r s  o f  b id i rec t iona l  f i b e r g l a s s .  
The s u r f a c e  c o n s i s t e d  of body p u t t y  and p o l y e s t e r  p a i n t .  A c r o s s - s e c t i o n a l  d rawing  
o f  t h e  test s e c t i o n  is g i v e n  i n  f i g u r e  3 .  The wav iness  of  t h e  tes t  s e c t i o n  d i d  n o t  
exceed  0.0015 i n .  per 2 i n .  It  w a s  o r i g i n a l l y  p a i n t e d  w h i t e  b u t  w a s  r e p a i n t e d  b l a c k  
towards  t h e  end o f  t h e  e x p e r i m e n t  t o  f a c i l i t a t e  t h e  use  of l i q u i d  c r y s t a l s  f o r  f l o w  
v i s u a l i z a t i o n .  I n  a d d i t i o n ,  a notch-bump w a s  added t o  t h e  i n b o a r d  s i d e  of  t h e  t es t  
s e c t i o n  a f t e r  t h e  s i x t h  f l i g h t  to e l i m i n a t e  any possible e f f e c t s  of  an a t t a c h m e n t  
l i n e  t r a n s i t i o n  problem (Gaster, 1965). A pho tograph  of  t h e  notch-bump is  shown i n  
figure 4. 
A p o t e n t i a l  problem w i t h  t h i s  c o n s t r u c t i o n  t e c h n i q u e  f o r  h i g h  a l t i t u d e  and  
s u p e r s o n i c  u s e  was o b s e r v e d  a f t e r  s e v e r a l  test  f l i g h t s .  Sma l l  b l i s t e r s  o f  a p p r o x i -  
ma te ly  1/16 to  1/8 i n .  i n  diameter and a p p r o x i m a t e l y  0.002 to  0.010 i n .  h i g h  began t o  
a p p e a r  i n  t h e  p a i n t  a f t e r  a f l i g h t  i n  which t h e  maximum Mach and a l t i t u d e  were 1.8 
and 50,000 f t ,  r e s p e c t i v e l y .  Although t h e  b l i s t e r s  d i d  n o t  b r e a k  t h e  s u r f a c e  o f  t h e  
p a i n t ,  t h e y  p r e s e n t e d  a n  obv ious  problem f o r  u s i n g  t h i s  c o n s t r u c t i o n  t e c h n i q u e  a t  
Mach ( M )  numbers n e a r  2.0 and above €or l a m i n a r  f l o w  t e s t i n g .  The b l i s t e r s  were 
c a u s e d  by g a s  t h a t  was r e l e a s e d  as t h e  test s e c t i o n  w a s  exposed  t o  t h e  h i g h e r  t e m -  
p e r a t u r e s  caused  by f l y i n g  a t  s u p e r s o n i c  speeds .  The o r i g i n  of  t h e  g a s  is unce r -  
t a i n ,  b u t  i t  may have  been t r a p p e d  i n  t h e  body p u t t y  d u r i n g  c o n s t r u c t i o n  or formed 
by t h e  r e s i n  m a t e r i a l  d u r i n g  h i g h - t e m p e r a t u r e  exposure .  I n  a d d i t i o n ,  a l t i t u d e  w a s  
c o n s i d e r e d  t o  a i d  i n  t h e  f o r m a t i o n  of  t h e  b l i s t e r s  because  o f  t h e  r educed  p r e s s u r e  
a t  a l t i t u d e  r e s u l t i n g  i n  a s u b s t a n t i a l  p r e s s u r e  d i f f e r e n t i a l  between t h e  trapped g a s  
and  the a tmosphere .  
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INSTRUMENTATION 
Two separate i n s t r u m e n t a t i o n  s y s t e m s  w e r e  used f o r  t h e  f l i g h t  e x p e r i m e n t .  
Q u a n t i t i e s  s u c h  as f r e e - s t r e a m  Mach number, pressure a l t i t u d e ,  and a n g l e  of a t t a c k  
w e r e  o b t a i n e d  from t h e  a i r c r a f t ' s  main i n s t r u m e n t a t i o n  system. The main s y s t e m  u s e d  
t w o  a b s o l u t e  p r e s s u r e  t r a n s d u c e r s  f o r  measur ing  t o t a l  and s t a t i c  p r e s s u r e  from t h e  
f l i g h t  t e s t  P i to t - s t a t i c  probe mounted on a noseboom. 
The i n s t r u m e n t a t i o n  s y s t e m  for  t h e  test  s e c t i o n  c o n s i s t e d  o f  a 32-por t ,  elec- 
t r o n i c a l l y  s c a n n e d ,  m u l t i p l e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  u n i t ,  a n  absolu te  
p r e s s u r e  t r a n s d u c e r ,  and f i v e  tempera ture-compensa ted  h o t - f i l m  anemometers.  The 
d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  u n i t  w a s  used to measure p r e s s u r e s  from t h e  t w o  
rows of s t a t i c  p r e s s u r e  o r i f i c e s .  The a b s o l u t e  p r e s s u r e  t r a n s d u c e r  measured t h e  
p r e s s u r e  on t h e  r e f e r e n c e  s ide  of  t h e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  u n i t .  The 
tempera ture-compensa ted  h o t - f i l m  anemometers,  s imilar  to the s y s t e m  described i n  
C h i l e s  and Johnson (1985), w e r e  used to  measure  t r a n s i t i o n  l o c a t i o n .  Tempera ture-  
compensated h o t - f i l m  anemometers were used  b e c a u s e  c h a n g e s  i n  a m b i e n t ,  w a l l ,  or 
t o t a l  temperature c a n  a f f e c t  t h e  o u t p u t  s i g n a l  q u a l i t y  of uncompensated h o t - f i l m  
anemometers.  The h o t - f i l m  s e n s o r s  had a nominal  res 
p e r a t u r e  gages had a nominal  r e s i s t a n c e  of 50 ohms. 
h o t - f i l m  s e n s o r  and temperature gage as i n s t a l l e d  on 
B e c a u s e  o n l y  f i v e  h o t - f i l m  anemometers w e r e  ava i  
r e l o c a t e d  from f l i g h t  t o  f l i g h t  to  a c c u r a t e l y  d e f i n e  
locations of t h e  h o t  f i l m  f o r  t h e  v a r i o u s  f l i g h t s  of 
t ab le  3 .  The h o t - f i l m  s e n s o r s  remained i n  t h e  1 ,  2, 
s t a n c e  o f  12 ohms and t h e  t e m -  
F i g u r e  5 shows a c l o s e u p  of t h e  
t h e  test s e c t i o n .  
able on t h e  a i rc raf t ,  they w e r e  
t r a n s i t i o n  location. The c h o r d  
t h e  e x p e r i m e n t  are g i v e n  i n  
4, 10, and 1 5  p e r c e n t  c h o r d  
l o c a t i o n s  for  t h e  e n t i r e  l a t t e r  p o r t i o n  of t h e  e x p e r i m e n t .  F i g u r e  6 shows t h e  h o t -  
f i l m  s e n s o r s  mounted on  t h e  test  s e c t i o n  a t  5, 10,  15,  20, and 15 p e r c e n t  chord .  
FLOW VISUALIZATION 
A t  s e v e r a l  times d u r i n g  t h e  f l i g h t  t e s t  program, attempts were made to  u s e  f l o w  
v i s u a l i z a t i o n  as a s e c o n d a r y  means o f  d e t e r m i n i n g  t r a n s i t i o n  l o c a t i o n .  Al though no 
f l o w  v i s u a l i z a t i o n  r e s u l t s  are g i v e n ,  a d i s c u s s i o n  of  t h e  e f f o r t  i s  provided to  aid 
f u t u r e  deve lopment  of  f l o w  v i s u a l i z a t i o n  t e c h n i q u e s  for s u p e r s o n i c  f l i g h t .  I n i t i a l l y ,  
a m i x t u r e  of  n a p t h a l e n e  and red food  c o l o r i n g  w a s  used. The red food c o l o r i n g  w a s  
added  to  g i v e  greater c o n t r a s t  between t h e  w h i t e  t es t  s e c t i o n  and t h e  n a p t h a l e n e .  
Only  t w o  f l i g h t s  were f lown b e f o r e  t h e  n a p t h a l e n e  w a s  abandoned b e c a u s e  of opera- 
t i o n a l  d i f f i c u l t i e s .  The d i f f i c u l t i e s  arose from t r y i n g  to  a p p l y  t h e  correct amount 
o f  n a p t h a l e n e  t h a t  would n o t  s u b l i m e  d u r i n g  t h e  c l i m b  and a c c e l e r a t i o n ,  b u t  would 
s u b l i m e  d u r i n g  t h e  s h o r t  amount of  t i m e  ( a p p r o x i m a t e l y  10 t o  2 0  sec) on test c o n d i -  
t i o n s  t h a t  f ol lowed. 
A f t e r  t h e  e a r l y  p o r t i o n  of f l i g h t  tests, t h e  test  s e c t i o n  w a s  painted b l a c k  t o  
f a c i l i t a t e  t h e  u s e  o f  l i q u i d  c r y s t a l s  similar to  t h e  t e c h n i q u e  u s e d  i n  H o l m e s  and 
o t h e r s  ( 1  986). P r e s s u r e  s e n s i t i v e  l i q u i d  c r y s t a l s  (named by t h e  m a n u f a c t u r e r )  were 
used. O p e r a t i o n a l  d i f f i c u l t i e s  were s t i l l  e n c o u n t e r e d ,  however. I t  w a s  e x t r e m e l y  
d i f f i c u l t  t o  ge t  t h e  p h o t o  c h a s e  a i r c r a f t  i n  t h e  desired p o s i t i o n  d u r i n g  s u p e r s o n i c  
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t es t  r u n s  and w a s  v i r t u a l l y  impossible d u r i n g  test p o i n t s  where t h e  test a i r c r a f t  
w a s  i n  a t u r n .  Because o f  t h e s e  d i f f i c u l t i e s ,  l i q u i d  c r y s t a l  p h o t o s  were t a k e n  o n l y  
a t  l o w - t r a n s o n i c  speeds. An o b v i o u s  s o l u t i o n  would have been  to  mount a camera on 
t h e  test a i r c ra f t .  However, t h i s  would have e n t a i l e d  e x t e n s i v e  m o d i f i c a t i o n s  beyond 
t h e  scope of t h e  project. 
TEST CONDITIONS AND MANEUVERS 
T e s t  p o i n t s  were f lown a t  Mach numbers r a n g i n g  between 0.9 and 1.8 a t  a l t i t u d e s  
be tween 26,000 and 55,000 f t .  Mach number and a l t i t u d e  w e r e  combined to  g i v e  a u n i t  
Reynolds  number r a n g e  from 1.7 t o  4.0 m i l l i o n  per f t .  Angle of a t t a c k  ranged  from 
- 1 0  to  100. 
S t r a i g h t  and l e v e l  p o i n t s  w e r e  f lown for  a p p r o x i m a t e l y  20 sec. I n  order to  v a r y  
a n g l e  of a t t a c k ,  c o n s t a n t  g - l o a d i n g  t u r n s  were flown. Each c o n s t a n t  g - l o a d i n g  con- 
d i t i o n  w a s  h e l d  f o r  a p p r o x i m a t e l y  10 sec. A t  t h e  h i g h e r  Mach numbers and  i n c r e a s e d  
g - l o a d i n g ,  it w a s  of t e n  d i f f i c u l t  to  m a i n t a i n  b o t h  a i r s p e e d  and a l t i t u d e ,  t h e r e f o r e  
airspeed w a s  g i v e n  t h e  h i g h e r  p r i o r i t y .  T h i s  r e s u l t e d  i n  some cases where a l t i t u d e  
was allowed to  decrease to  m a i n t a i n  airspeed. 
RESULTS AND DISCUSSION 
T y p i c a l  P r e s s u r e  D i s t r i b u t i o n s  
T y p i c a l  pressure d i s t r i b u t i o n s  for M = 0.9, 1 . 2 ,  1.5, and 1.8 are shown i n  
f i g u r e  7. E x c e p t  fo r  t h e  i n b o a r d  r o w  a t  M = 0.9, t h e  pressure d i s t r i b u t i o n s  show a 
f a v o r a b l e  g r a d i e n t  to  a p p r o x i m a t e l y  20 p e r c e n t  c h o r d ,  or greater,  fo r  the i n b o a r d  
p r e s s u r e  o r i f i ce  row.  The o u t b o a r d  r o w  i n d i c a t e s  a f a v o r a b l e  pressure g r a d i e n t ,  a t  
l eas t  t o  t h e  a f t  most or i f ice ,  of 33 p e r c e n t ,  e x c e p t  for  t h e  lower a n g l e - o f - a t t a c k  
case a t  M = 0.9 where t h e  slope became n e g a t i v e  n e a r  20 p e r c e n t  c h o r d .  An i n c r e a s e  
i n  a n g l e  o f  a t t a c k . i n c r e a s e d  t h e  p r e s s u r e  measured a t  t h e  t w o  lower surface or i f ices  
as  would be e x p e c t k d  and decreased t h e  p r e s s u r e  on  t h e  upper  surface of t h e  test 
s e c t i o n .  A t  the 1 wer speed c a s e s ,  M = 0.9  and 1 . 2 ,  increased angle  of attack had a 
n o t i c e a b l e  e f f e c t  n t h e  s h a p e  o f  t h e  forward  p o r t i o n  of  t h e  p r e s s u r e  d i s t r i b u t i o n .  
T h e s e  pressure d i s t r i b u t i o n s  are p r e s e n t e d  f o r  t h e  t y p i c a l  case. T a b u l a t e d  
p r e s s u r e  c o e f f i c i e n t s  are p r e s e n t e d  i n  t h e  a p p e n d i x  for  Mach numbers a t  a n g l e s  of 
a t t a c k  r a n g i n g  from l o  t o  7O b u t  c a t e g o r i z e d  by u n i t  Reynolds  numbers of a p p r o x i -  
m a t e l y  1.7 and 2.0 m i l l i o n  per f t  f o r  b o t h  t h e  c l e a n  and notch-bump c o n f i g u r a t i o n .  
T a b u l a t e d  p r e s s u r e  c o e f f i c i e n t s  for t h e  h i g h e r  Reynolds  number cases where no  l a m i -  
n a r  f l o w  w a s  d e t e c t e d  are n o t  g i v e n .  
T y p i c a l  T r a n s i t i o n  R e s u l t s  
The o u t p u t  from t h e  h o t - f i l m  anemometers w a s  u s e d  t o  d e t e r m i n e  boundary  l a y e r  
t r a n s i t i o n .  F i g u r e  8 shows t y p i c a l  o u t p u t s  from t h e  f i v e  anemometers d u r i n g  a tes t  
5 
p o i n t  a t  M = 0.9, H p  = 40,600 f t .  In  f i g u r e  8 ( a )  where t h e  a n g l e  o f  a t t a c k  is  3 . 3 O ,  
t h e  h o t - f i l m  sensor a t  5 p e r c e n t  c h o r d  shows a n  o u t p u t  t y p i c a l  o f  t r a n s i t i o n a l  f l o w .  
The o t h e r  o u t p u t s  (10 ,  15 ,  and 20 p e r c e n t )  d e m o n s t r a t e  s i g n a l s  t y p i c a l  o f  t u r b u l e n t  
f low.  The a m p l i t u d e  o f  t h e  o u t p u t  f o r  t h e  10  p e r c e n t  c h o r d  anemometer i s  less than  
t h e  o t h e r s ,  for t h e  same f l o w  c o n d i t i o n ,  b e c a u s e  t h e  g a i n  of  t h a t  p a r t i c u l a r  anemo- 
meter w a s  i n a d v e r t e n t l y  set  l o w  for s e v e r a l  f l i g h t s .  
I n  f i g u r e  8 ( b )  where t h e  a n g l e  o f  a t t a c k  i s  5 . 0 ° ,  t h e  h o t  f i l m s  a t  5 and  1 0  per- 
c e n t  chord  i n d i c a t e  l a m i n a r  flow. The t w o  g a g e s  a t  15 p e r c e n t  chord  i n d i c a t e  l a m i -  
n a r  f l o w  w i t h  t u r b u l e n t  s p i k e s ,  and t h e  gaye a t  20 p e r c e n t  c h o r d  i n d i c a t e s  periods 
o f  t r a n s i t i o n a l  f l o w  and t u r b u l e n t  f l o w  w i t h  l a m i n a r  s p i k e s .  
A t  M > 1.2,  t r a n s i t i o n  o c c u r r e d  a t  or v e r y  n e a r  t h e  l e a d i n g  edge.  F i g u r e  9 shows 
a t y p i c a l  h o t - f i l m  o u t p u t  for  Mach numbers > 1.2. The f l i g h t  c o n d i t i o n s  € o r  t h i s  
p o i n t  w e r e  M = 1.73, H p  = 49,200, ALPHA = 4.5O. A l l  t h e  h o t - f i l m  gages i n d i c a t e  t u r -  
b u l e n t  f l o w .  Again,  t h e  g a i n  on t h e  1 0  p e r c e n t  chord  h o t  f i l m  w a s  se t  lower t h a n  t h e  
o t h e r s ,  t h u s  g i v i n g  t h e  l o w e r  a m p l i t u d e  s i g n a l .  I n  a d d i t i o n ,  t h e  i n b o a r d  1 5  p e r c e n t  
c h o r d  h o t  f i l m  f a i l e d  e a r l y  i n  t h e  f l i g h t  and w a s  i n o p e r a t i v e  €or t h i s  test p o i n t .  
O v e r a l l ,  t h e  tempera ture-compensa ted  h o t - f i l m  anemometers worked w e l l  f o r  d e t e r m i n i n g  
t r a n s i t i o n  l o c a t i o n  t h r o u g h o u t  t h e  Mach-number r a n g e  of  t h e  e x p e r i m e n t .  
Summary plots  o f  t h e  most a f t  t h a t  t r a n s i t i o n  o c c u r r e d ,  or optimum t r a n s i t i o n  
locat ion,  are g i v e n  i n  f i g u r e s  10 and  1 1 .  F i g u r e  1 0  p r e s e n t s  a p lo t  of optimum 
t r a n s i t i o n  l o c a t i o n  as a f u n c t i o n  of a n g l e  of a t t a c k  fo r  t h e  c l e a n  l e a d i n g - e d g e  
c o n f i g u r a t i o n  a t  M = 0.9. For  t h i s  Mach number, t h e  longest  r u n s  of  l a m i n a r  f l o w  
o c c u r r e d  a t  So  and 6 O  a n g l e  of a t t a c k .  Above 6 O  and below So a n g l e  o f  a t t a c k ,  
t r a n s i t i o n  o c c u r r e d  a t  5 p e r c e n t  chord  or less. 
F i g u r e  11 p r e s e n t s  optimum t r a n s i t i o n  l o c a t i o n  as a f u n c t i o n  o f  f r e e - s t r e a m  
Mach number f o r  b o t h  t h e  c l e a n  and notch-bump c o n f i g u r a t i o n s .  T r a n s i t i o n  occurred 
a t  2 0  p e r c e n t  c h o r d  a t  M = 0.9 and M = 0.97 for  t h e  c l e a n  c o n f i g u r a t i o n .  For  t h e  
notch-bump c o n f i g u r a t i o n  a t  M = 0.9, t r a n s i t i o n  o c c u r r e d  a t  a p p r o x i m a t e l y  1 5  percent 
c h o r d .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  even  though t h e  1 5  p e r c e n t  c h o r d  h o t  f i l m  n e v e r  
i n d i c a t e d  pure l a m i n a r  f l o w ,  t h e r e  w e r e  no h o t - f i l m  gages a f t  of  1 5  p e r c e n t  c h o r d  t o  
a c c u r a t e l y  d e t e r m i n e  t r a n s i t i o n  l o c a t i o n .  A t  M = 1.10 ( c l e a n  c o n f i g u r a t i o n )  and  M = 
1.16 (notch-bump c o n f i g u r a t i o n ) ,  t r a n s i t i o n  o c c u r r e d  a t  1 5  p e r c e n t  chord .  A t  M 2 
1.2, t r a n s i t i o n  o c c u r r e d  n e a r  t h e  l e a d i n g  edge for  b o t h  l e a d i n g - e d g e  c o n f i g u r a t i o n s .  
I t  is a p p a r e n t  t h a t  t h e  notch-bump had e s s e n t i a l l y  no e f f e c t .  
The cause o f  t h e  s h a r p  decrease i n  op t imum t r a n s i t i o n  locat ion and t h e  i n a b i l -  
i t y  to o b t a i n  l a m i n a r  f l o w  a t  M > 1.2 is u n c e r t a i n .  But  it is i m p o r t a n t  to  ment ion  
t h a t  a t  t h e  h i g h e r  Mach numbers ( M  = 1.2, 1.5, and 1.61, t h e  same a n g l e - o f - a t t a c k  
r a n g e  as a t  t h e  slower speeds w a s  a c h i e v e d ,  t h e r e f o r e  e l i m i n a t i n g  angle of a t t a c k  as 
a p o s s i b i l i t y .  
F i g u r e  1 2 p r e s e n t s  t r a n s i t i o n  Reynolds  number , based  on t h e  optimum t r a n s i t i o n  
l o c a t i o n ,  as a f u n c t i o n  of Mach number. The M = 1.16 tes t  p o i n t  w a s  o b t a i n e d  w i t h  
t h e  notch-bump on t h e  l e a d i n g  edge. T r a n s i t i o n  Reynolds  numbers for t h e  optimum 
cases d e c r e a s e d  from a p p r o x i m a t e l y  4 m i l l i o n  per f t  a t  M = 0.9 t o  2 m i l l i o n  a t  M = 
1.1 and t h e n  i n c r e a s e d  to  3 m i l l i o n  a t  M = 1.16. 
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CONCLUDING REMARKS 
A p r e l i m i n a r y  f l i g h t  e x p e r i m e n t  w a s  f lown to  g e n e r a t e  a f u l l - s c a l e  data base to  
a i d  w i t h  t h e  a s s e s s m e n t  of c o m p u t a t i o n a l  c o d e s  and improve i n s t r u m e n t a t i o n  and t e c h -  
n i q u e s  for  measur ing  boundary l a y e r  t r a n s i t i o n  a t  s u p e r s o n i c  speeds. 
d a r y  l a y e r  t r a n s i t i o n  t h r o u g h o u t  t h e  Mach r a n g e  o f  t h e  e x p e r i m e n t .  
1 .  Temperature-compensated h o t  f i l m s  worked e x t r e m e l y  w e l l  fo r  measur ing  boun- 
2. The l i m i t  of t h e  foam and f i b e r g l a s s  t e c h n i q u e  f o r  c o n s t r u c t i n g  c l e a n u p  test  
s e c t i o n s  or c o n t o u r i n g  desired a i r f o i l s  for  boundary l a y e r  t r a n s i t i o n  e x p e r i m e n t s  
appears to  be a p p r o x i m a t e l y  M = 1.8 and H p  = 50,000 f t  b e c a u s e  of t h e  o c c u r r e n c e  of 
s u r f a c e  blisters which spoil  t h e  o r i g i n a l  smooth s u r f a c e .  
3. T r a n s i t i o n  w a s  measured as f a r  a f t  as 20 p e r c e n t  c h o r d  a t  M = 0.90 and M = 
0.97. A t  M = 1.10 and M = 1.16, t r a n s i t i o n  was measured a t  1 5  p e r c e n t  chord .  A t  
M > 1.20, t r a n s i t i o n  o c c u r r e d  n e a r  t h e  l e a d i n g  edge.  Maximum o b s e r v e d  t r a n s i t i o n  
Reynolds  number f o r  t h i s  e x p e r i m e n t ,  NACA 64(A)04.6 a i r f o i l  w i t h  45O l e a d i n g - e d g e  
sweep, was a p p r o x i m a t e l y  4 m i l l i o n  per f t .  
4. T h e r e  w a s  no change  i n  optimum t r a n s i t i o n  l o c a t i o n  ( l i m i t e d  t o  a r e s o l u t i o n  
of 5 p e r c e n t  c h o r d  i n  some cases) w i t h  t h e  a d d i t i o n  of a notch-bump on t h e  l e a d i n g  
e d g e  of t h e  test  s e c t i o n .  
Ames R e s e a r c h  Center 
D r y d e n  F1 i g h t  Research Faci 1 i t y  
N a t i o n a l  A e r o n d u t i c s  and s p a c e  A d m i n i s t r a t i o n  
Edwards ,  California, Augus t  20, 1987. 
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APPENDIX - TABULATED PRESSURE COEFFICIENTS 
Mach ( M )  = 0.900 Pressure a l t i t u d e ,  f t  (Hp) = 40,637 
Angle of a t tack ,  deg (a) = 3.34 L . S .  = lower surface  U . S .  = upper Surface 
x /c  = nondimensional chord loca t ion  
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M = 0.897 Hp = 40,580 a = 4.95 
Inboard r o w  

















































X / C l  % 
L.S. 1.50 
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M =  0.910 H p  = 38,101 a = 2.09 
































M = 0.916 H p  = 37,221 CX = 5.47 
Inboa rd  row 

























-1 e01 5 
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-1  e041 
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I n  o p e r a  ti ve 
-1,052 
- 1  -089 
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M = 1.198 Hp = 45,638 a = 6.35 
Inboard row 
x/c. % 
































L.S. 1 .SO 
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M = 1.210 Hp = 41,891 a = 1.42 
Inboard r o w  Outboard row 
X/CI % 
L.S. 1.3 -0,412 
0.86 -0.480 

























































a = 4.95 
X/CI %i 
L . S .  1.50 
1 .oo 
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M = 1.501 Hp = 50,924 a = 2.02 
I 
Inboard r o w  
x/c, % 















M = 1.442 Hp 
Inboard row 
x/c, % 
















































































































M = 1.495 H p  


































M = 1.458 Hp = 46,414 a = 5.46 
Inboa rd  r o w  
x/c, % 
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I M = 1.798 Hp = 54,651 a = 1.04 
































M = 1.759 H p  = 54,100 
































a = 7.64 
Outboard row 


































































M = 1.796 Hp = 49,029 a = 2-03 
I Inboa rd  row Outboard row 
x/c, % 
L.S. 1.3 -0.197 
0.86 -0.157 

























M = 1.732 Hp = 49,166 
Inboa rd  r o w  
L.S. 1 e 3  
0.86 
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M = 0,882 Hp = 39,331 a = 7.32 
With notch-bump 
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M = 1.193 H p  = 47,108 a = 2.88 
With notch-bump 

















M = 1.157 Hp 
-0.344 
-0.392 














= 45,380 a = 8.60 
Inboa rd  r o w  
















































Outboard r o w  















































M = 1.472 Hp = 50,311 a = 1.81 
with notch-bump 
Inboard row 
x/c,  % 
L.S .  1.3 
0.86 
0 



























M = 1.405 Hp = 50,765 a = 8.18 
w i t h  notch-bump 
Inboard r o w  
x/c, % 































Outboard r o w  
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Outboard r o w  
x/c, % 
L . S .  1 e 5 0  
1 .oo 
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M = 1.669 Hp = 54,508 a = 7.94 
With notch-bump i 
I Inboard row 
v c ,  
L . S .  1.3 
0.86 
0 



























M = 1.715 Hp = 54,577 a = 1.30 
With notch-bump 
Inboard row 
x/c ,  % 
































L.S.  1 e50 
1.00 
0 




























































M = 1.193 H p  = 41,931 a = 1.09 
With notch-bump 
































M = 1.182 Hp = 41.533 a = 5.24 
w i t h  notch-bump 
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M = 1.493 H p  = 47,021 a = 1-11 
w i t h  notch-bump 
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= 46,098 a = 5.57 
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TABLE 1. - F-15 AIRFOIL COORDINATES 
Butt line (BL) 160 i n .  











































































































0.01 1 1  7663 
0.01 301 631 
0.01454806 
0.01 51 771 5 
0.01 53 1408 
0.01564020 
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TABLE 1 .  - Continued. 
BL 190 



















































































































TABLE 2. - CHORDWISE PRESSURE ORIFICE LOCATIONS 
I n b o a r d  r o w ,  % Outboard r o w ,  % 
( C  = 137.3 i n . )  ( C  = 99.4 i n . )  
I d e n t i f i c a t i o n  no. 
L.S. 1 1.3 7.5 
2 0.86 1 .o 
3 O* 0 
U.S. 4 0.73 1 .o 
5 1.2 1.4 
6 3.3 3.6 
7 6.2 7.0 
8 8.2 9.1 
9 10.2 11.3 
10 12.6 14.0 
11 15.1 16.8 
13  20.1 22.4* 
1 4  25.0 27.7 
1 2  17.5 19.6 
1 5  29.8 33.0 
- 
* p r e s s u r e  o r i f i ce  i n o p e r a t i v e ,  
TABLE 3. - HOT-FILM SENSOR LOCATIONS 
L o c a t i o n  ( %  c h o r d )  
F l i g h t  
no. 
No.1, N o .  5, NO, 2 NO, 3 NO. 4 inboard o u t b o a r d  
46 3 5 10 15 20 25 
464 5 10 15 20 15 
465 5 10 15 20 15 
466 5 10 15 20 15 
467 5 10 75 20 15 
468 0 2 4 1 0  15 
469 1 2 4 10 15 
470 1 2 4 10 15 
471 1 2 4 10 15 
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0.101 5361 2 


























0.001 41 087 
0.00549372 
0.00831183 
0.01 01 8376 
0.01 149391 
0.01 253994 

















F i g u r e  1 .  
and f i b e r g l a s s  test s e c t i o n .  






























































Inboard (Cl) = 149.0 in. 
Outboard (C2) = 111.5 in. 
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chord Not to scale 
I 1 4 H  
Figure 2. 
test section. 
Location of foam and fiberglass 
Closed cell 
polyurethane 
Four layers of fiberglass 
finished with bondo 
and polyester paint foa7 f One layer of unidirectional cloth 7 
I 
/ 3/16. 1/4 in. 
t 
Foam and fiberglass 
\ test section 
c Q / _ . - 1 5  Existing airfoil 
7349 
Figure 3. 
test section construction. 
Schematic of F-15 aircraft 
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perature gage installation. 
Closeup of typical hot-film sensor and tem- 
Figure  6. 
notch-bump installation. 
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Figure 7. Continued. 
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M = 1.21 OLower surface 
Hp = 46,100 OUpper surface 


















Figure 7. Continued. 
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1;:; Inboard M = 1.20 OLower surface 
Hp = 45,650 OUpper surface 
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Figure 7. Continued. 
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M = 1.46 OLower surface 
~p = 46,400  upper surface 
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1::: 1 Inboard M = 1.80 0 Lower surface 
~p = 54,700 0 Upper surface 
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(a) Alpha = 3.3.1 *lowgain setting. 
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(b) Alpha = 5.0' .  
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Angle of attack. deg 
Figure 10. Optimum transition location 
as a function of angle of attack. Clean 
configuration. M = 0.98 Hp = 408000 ft. 
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Figure 11. Optimum transition location 
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